Objectives: Senility death is defined as natural death in the elderly who do not have a cause of death to be described otherwise and, if human life is finite, it may be one of the ultimate goals of medicine and healthcare. A recent survey in Japan reports that municipalities with a high senility death ratio have lower healthcare costs per late-elderly person. However, the causes of regional differences in senility death ratio and their biomedical determinants were unknown. In this study, we examined the relationships of the regional difference in senility death ratio with the regional differences in heart rate variability and physical activity. Methods: We compared the age-adjusted senility death ratio of all Japanese prefectures with the regional averages of heart rate variability and actigraphic physical activity obtained from a physiological big data of Allostatic State Mapping by Ambulatory ECG Repository (ALLSTAR). Results: The age-adjusted senility death ratio of 47 Japanese prefectures in 2015 ranged from 1.2% to 3.6% in men and from 3.5% to 7.8% in women. We compared these ratios with the age-adjusted indices of heart rate variability in 108,865 men and 136,536 women and of physical activity level in 16,661 men and 21,961 women. Heart rate variability indices and physical activity levels that are known to be associated with low mortality risk were higher in prefectures with higher senility death ratio.
Introduction
The statistical information of the Japanese Ministry of Health, Labour and Welfare (Summary of the Age-adjusted Mortality Ratio by Prefecture in 2015) 1 shows that senility is the fifth leading cause of death in Japan. The "Death Certificate Entry Manual (2018 edition)" 2 published by the ministry defines senility death as "Elderly people who do not have a cause of death to be described otherwise, so-called natural death." If human life is finite and the objectives of medicine and healthcare are in the eradication and prevention of all diseases, senility death may be one of their ultimate goals.
According to a recent survey by Nikkei newspaper (25 December 2017), Japan, 3 the municipality with a high senility death ratio has lower healthcare costs per late-elderly person in Japan. Although they seem to place the high senility death ratio as a positive indicator for the qualities of regional healthcare and health policy, there is no convincing evidence that high senility death ratio is related to the high health status of the community. We have only limited knowledge even about the biomedical characteristics of individuals who are prone to senility death.
In this study, we addressed this issue through the analysis of big data. Using the regional differences in senility death ratio across Japan, we investigated whether regional differences in physiological parameters reflecting health status also have geographic patterns associated with it. We measured the heart rate variability (HRV) and physical activity (PA) levels, whose increases are known to associate with low mortality risk, [4] [5] [6] [7] [8] from the Allostatic State Mapping by Ambulatory ECG Repository (ALLSTAR) database. [9] [10] [11] We examined the relationships of the regional difference in senility death ratio with the regional differences in the indices of HRV and PA.
Methods

Death statistics
The statistical data of mortality were obtained from the home page of the Japanese Ministry of Health, Labour and Welfare (Summary of the Age-adjusted Mortality Ratio by Prefecture in 2015). 1 We downloaded the figure and table data from the website, from which we used the age-adjusted senility death ratio by gender and prefecture.
ALLSTAR project
The ALLSTAR project was established with the cooperation of SUZUKEN Co., Ltd (Nagoya, Japan), the owner of the data, and researchers from seven universities across Japan. The ALLSTAR project is an inventory survey for a complete enumeration of Holter electrocardiogram (ECG) and triaxial accelerogram that were referred for analysis to an ECG analysis center of SUZUKEN Co., Ltd from medical institutions in Japan. Therefore, all of these Holter ECGs were recorded for certain medical purposes, including the screening and diagnosis of diseases and the evaluation of treatment effects. About 60,000 Holter ECG data per year, which are about 5% of the Holter ECG recorded in Japan, are being collected, and about 430,000 have already been registered so far.
This study was performed according to the protocol that has been approved by the Ethics Review Committee of Nagoya City University Graduate School of Medical Sciences and Nagoya City University Hospital (No. 709). Briefly, the data were anonymized by the ECG analysis centers and provided for this study with accompanying information, including age, sex, and recording date, time, and location (medical facilities' postal code). Written informed consent was unable to obtain from each subject. Instead, according to the Ethical Guidelines for Medical and Health Research Involving Human Subjects (by the Ministry of Education, Culture, Sports, Science and Technology, and the Ministry of Health, Labour and Welfare, Japan, 22 December 2014), the purpose and information utilized in the ALLSTAR research projects have been public through the homepages of the ECG analysis centers (http://www .suzuken.co.jp/product/holter/detail/) and of the ALLSTAR project (http://www.med.nagoya-cu.ac.jp/mededu.dir/allstar/), in which opportunities to refuse the uses of information are ensured for the research subjects, except for the studies that have already been published.
Of the ALLSTAR data, those met the following inclusion criteria were used for this study: (1) Holter ECG data recorded between November 2007 and March 2014, (2) subjects' age at the time of measurement was 20 years or older, and (3) basic cardiac rhythm was normal (defined as >80% of all recorded beats were in sinus rhythm). 4 Data were excluded if ECG showed (1) atrial fibrillation, (2) artificial pacemaker rhythm, (3) pathological conduction block, or (4) ST-T changes suggesting transient myocardial ischemia. The reason why we chose ALLSTAR data for 2007-2014 to analyze the relationship with senility death ratio in 2015 was that we assumed that the senility death ratio is a result of long-term exposure to the biomedical status reflected in HRV and PA.
Data analysis
All of the 24-h ECG and actigraphic data were obtained with Holter recorders (Cardy series; SUZUKEN Co., Ltd), by which 24 h multi-channel ECG and triaxial acceleration data were measured, digitized at 125 and 31.25 Hz, respectively, and stored in memory. The digitized ECG and acceleration data were sent to ECG analysis center and analyzed with Holter ECG analyzers (Cardy Analyzer 05; SUZUKEN Co., Ltd) by skilled medical technologists. The temporal positions of all R-waves were detected, the rhythm annotations were given to all QRS complexes, and all errors in automated analysis were corrected manually by the technologists. Final ECG diagnosis of individual record was made by cardiologists who have contracted with each center.
Among HRV indices obtained from 24 h ECG, the standard deviation of 24 h normal-to-normal (N-N) R-R intervals (SDNN), deceleration capacity (DC), 5 the power of the verylow-frequency (VLF), 12 short-term (4-11 beats) scaling exponents α 1 , 6 and amplitude (Acv) of cyclic variation of heart rate (CVHR) 7 were used. These indices were calculated by the custom-made software. DC was computed as spontaneous increases within short (four beats) overlapping segments of N-N intervals averaged over 24 h by the method of phase-rectified signal averaging. 13 The scaling exponent α 1 was calculated as the exponent of linear-regression residual to the scale of observation windows by detrended fluctuation analysis (DFA). 14, 15 To calculate VLF and Acv, N-N interval time series were interpolated with a step function and resampled equidistantly. VLF was calculated as power between 0.0033 and 0.14 Hz by fast Fourier transformation of the resampled (131,072 points) 24-h time series. CVHR was detected from the resampled (at 2 Hz) time series during the night by the automated algorism of auto-correlated wave detection with adaptive threshold (ACAT). 16 The changes in N-N intervals accompanying all episodes of CVHR were signal-averaged and Acv was obtained as the amplitude of signal-averaged response curve. 7 In earlier studies, these HRV indices have been used for mortality risk stratification in post-myocardial infarction, end-stage renal failure, and chronic heart failure patients [5] [6] [7] and in healthy elderly people. 8 A decline in these HRV indices is an increased mortality risk, and their increase is associated with an increased probability of survival. 4, 17 From acceleration data, the body accelerations to left-toright, caudocranial, and posteroanterior directions were obtained as x, y, and z values, respectively. Subjects were assumed to be in the lying position when the y-value was below a threshold and the ratio of time in lying position during the day was calculated as %lying time. Also, time series of x(t), y(t), and z(t) were resampled at 10 Hz and, after removing direct current component by a high-pass filter, combined into a composite vector value A(t) as
The average of A(t) over 24 h was used as the index of PA level.
Statistical analysis
We used the statistical program package of Statistical Analysis System (SAS Institute, Cary, NC, USA). The relationships between regional differences in senility death ratio and the regional differences in HRV and PA levels were examined in two ways. First, using the generalized linear model (GLM) procedure, the age-adjusted least-square means of HRV indices, PA, and %lying time were calculated for each prefecture and gender. Then, the relationships with age-adjusted senility death ratio of each prefecture were evaluated by scatter plots and linear-regression analyses in each sex. Second, the mean and SD of the age-adjusted senility death ratio among all prefectures were calculated for each gender. Next, the ratio in each prefecture was standardized as (ratio -mean)/SD. Using the standardized values, prefectures were classified into five prefecture groups (PGs), that is, PG1: < -1.5 SD, PG2: -1.5 to −0.5 SD, PG3: -0.5 to +0.5 SD, PG4: +0.5 to +1.5 SD, and PG5: > +1.5 SD. Then, the differences in HRV indices, PA, and %lying time among these PGs were evaluated by analysis of covariance (ANCOVA) using the GLM procedure for adjusting the effect of age. Post hoc multiple comparisons were performed for the differences of PG1, PG2, PG4, and PG5 from PG3 with the Bonferroni method. For both analyses, the results are presented as least-square means and standard error of the mean adjusted for the effect of age. Statistical significance was determined at a type I error level α = 0.05.
Results
Among the ALLSTAR database, R-R interval data in 108,865 men and 136,536 women who fulfilled all of the inclusion criteria and had none of the exclusion criteria were selected. Among those, PA data were available in 16,661 men and 21,961 women. Figure 1 shows the relationship between the prefecture population (age: ⩾20 years) and the number of samples obtained from each prefecture, which shows that samples were selected in proportion to the prefecture population. Figure 2 shows the relationships between the age-adjusted senility death ratio and age-adjusted heart rate and HRV indices obtained from each prefecture. For men, while heart rate showed no significant association with the senility death ratio, all HRV indices but DFA α 1 showed positive correlations. Although similar trends were observed for women, the correlations reached a significant level only for DFA α 1 . Figure 3 shows the relationships between the age-adjusted senility death ratio and age-adjusted mean PA and %lying time obtained from each prefecture. For women, 24 h mean of PA correlated positively and %lying time correlated negatively with the senility death ratio. Although similar trends were observed also for men, the positive correlation of only 24 h mean PA reached a significant level.
The age-adjusted senility death ratio of 47 prefectures in 2015 ranged from 1.2% to 3.6% (mean ± SD: 2.1% ± 0.5%) in men and from 3.5% to 7.8% (5.3% ± 1.0%) in women. These ratios were standardized, whereby the prefectures were categorized into five PGs. Table 1 shows the number of prefectures classified into each PG and the mean and SD of age-adjusted senility death ratio.
For both men and women, ANCOVA adjusted for the effect of age revealed that heart rate and all HRV indices significantly differed among five PGs (Table 2 ). Multiple comparisons revealed that, in the range from PG2 to PG5, the higher the senility death ratio, the higher the SDNN, DC, VLF, and Acv, for both men and women. Table 3 shows the results of ANCOVA for 24 h mean PA and %lying time. For both men and women, 24 h mean PA and %lying time differed among PGs. Multiple comparisons revealed that 24 h mean PA increases and %lying time decreases with advancing senility death ratio from PG1 to PG5, indicating that the higher the prefectural senility death ratio, the higher the level of PA.
Discussions
Using the ALLSTAR database, we examined the relationship between the regional difference in age-adjusted senility death ratio and the regional difference in HRV indices and PA in Japan. We observed that the HRV indices and PA whose increases are known to associate with decreased mortality risk are higher for the areas with higher senility death ratio. These observations support the hypothesis that the level of regional senility death ratio is associated with good regional health status reflected in HRV and PA.
To our knowledge, this is the first study to investigate the relationships between regional senility death ratio and physiological indicator. In a recent survey conducted by Nikkei newspaper, Japan, 3 the relationships between senility death ratio and regional medical expenses were analyzed for ~130 municipalities with a population more than 200,000 in Japan. Their results showed that the medical expenses per capita of late-elderly people were lower as the ratio of late-elderly people who die from increased senility. Although they speculated that the higher proportion of healthy elderly people and the responsiveness of the surrounding medical facilities might be associated with a higher ratio of senility death, they failed to provide convincing evidence for their speculations. In response to this problem, this study has shown that HRV and PA levels are high in geographic regions with high senility death ratio, suggesting a possible association between regional senility death ratio and health status of the region.
This study, however, may have an important limitation. The ALLSTAR database comprised data obtained from people who have visited a healthcare facility and have undergone Holter ECG testing. Thus, all subjects in the database had the health problem or suspicion that triggered Holter ECG examination. Although we included only data with normal sinus rhythm without atrial fibrillation, artificial pacemaker, pathological conduction block, or ST-T changes suggesting Figure 2 . Relationships between age-adjusted senility death ratio and age-adjusted heart rate variability indices of prefectures in Japan.
Data and error bars indicate least-square means adjusted for the effect of age and the standard error of the mean. Gray line in each panel is the linear-regression line and r indicates the correlation coefficient HR: heart rate; SDNN: 24 h standard deviation of normal-to-normal R-R interval; DC: deceleration capacity; VLF: power of very low frequency component; DFA: detrended fluctuation analysis; Acv: amplitude of cyclic variation of heart rate. *Significant correlation coefficient. transient myocardial ischemia, it was not possible to control the influences of potential health problems on HRV indices and PA. Therefore, it is not appropriate to consider HRV and PA levels obtained from each prefecture as reflecting the health status of the general population of the prefecture.
Nevertheless, we observed the association in the geographic patterns between senility death ratio and HRV and PA levels. In previous studies, we also observed that the HRV indices such as SDNN and PA level are associated with regional healthy life expectancy. 9, 10 Although the data were sampled from subjects who required Holter ECG examination, the conditions of data sampling may be assumed to be the same for all prefectures and thus, there seemed no apparent factors that could cause sampling biases among prefectures. Although the relevant mechanism of the association between senility death ration and regional HRV and PA levels is unknown from this study, one may speculate that regional differences in genetic background and/or environmental factors may affect both the senility death ratio and the physiological markers, creating an indirect link between them. Also, such genetic and/or environmental factors, if any, may have affected not only general population but also the subjects of ALLSTAR database. HRV and PA levels observed in the ALLSTAR database may be correlated with the regional factors affecting health status and thereby associated with the senility death ratio. 
Conclusion
To investigate the factors related to regional differences in senility death ratio in Japan, we examined the relationships with HRV and PA levels obtained from the ALLSTAR big data. The results suggested that the regional senility death ratio in Japan is associated with regional health status as reflected in HRV and PA levels. 
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